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Abstract. Selected results from strain measurements on 4 nuclear 
pressure vessels are presented and discussed. 
The measurements were made in several different regions of the 
vessels: transition zones in vessel heads, flanges and bottom 
parts, nozzles, internal vessel structure and flange bolts. 
The results presented are based on data obtained by approxi-
mately 700 strain-gauges, and a comprehensive knowledge of the 
quality obtained by such measurements is established. It is 
shown that a thorough control procedure before and after the 
test as well as a detailed knowledge of the behaviour of the 
signal from the individual gauges during the test is necessary. 
If this is omitted, it can be extremely difficult to distinguish 
between the real structural behaviour and a malfunctioning of a 
specific gauge installation. In general, most of the measuring 
results exhibit a very linear behaviour with a negligible zero-
shift. However, deviations from linear behaviour are observed 
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in several cases. This nonlinearity can be explained by friction 
(flange connections) or by gaps (concentrical nozzles) in cer-
tain regions, whereas local plastic defcreations daring the 
first pressure loadings of the vessel seen to be the reason in 
other regions. 
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1. IMTRODOCTION 
the stress analysis of pressure vessels and vessel components 
can in most cases be performed relatively economically and re-
liably for static problems by purely theoretical and numerical 
analysis. However, experimental stress analysis is still necessary 
and even required in situations where theoretical analysis is 
considered inadequate, or for parts where design rules are un-
available' [1]. 
For the designer or the stress analyst, a further advantage 
turns up when the result from an experimental investigation is 
available. The result from his computational model can be veri-
fied, thus most probably excluding any significant error in 
this model. This is especially important for complicated com-
ponents and for large finite-element models, where a considerable 
amount of input data has to be generated, and where the detail-
led mesh division is subjected to different restrictions, some 
of them conflicting with one another. 
Only few experimental data from strain measurements on nuclear 
pressure vessels are published, and they deal mainly with nozzle 
problems. Van Campen et al [2] published the results from 
measurements on a nozzle in a 1:4 model vessel and compared 
them with experimental and theoretical results from a nozzle on 
a flat plate. Spaas [3] published experimental results for two 
nozzles in two different PffR-pressure vessels, Tonarelli and 
Azzola [4] showed results from a BWR-nozzle, and Andersen et 
al. [S] gave results from a BWR-vessel with internal main 
circulation pumps. In all this cases, the strain measurements 
were published in connection with comparisons among different 
calculationa^ models. Finally, Broekhoven [6] published a few 
results from a perforated bottom and compared them to photo-
elastic and steel model results; measurements on flanges and 
bolts have been published in different connections, for example, 
recently by Spaas [7} and Joas [8]. 
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The Measurements on full-size vessels are in all cases performed 
during the hydrotest, either in the manufacturer's workshop or 
at the plant before the initial start-up of the reactor. This 
means, that the installation technique and procedure is subject 
to severe restrictions, and there is normally no possibility of 
repairing the installation and repeat the measurements, a pro-
cedure quite normal for investigations performed under labora-
tory conditions. Doe to the long duration between the measure-
ments performed on the individual vessels, the particular skill 
of the persons involved in the installation and in the measure-
ments is difficult to maintain, and an effective transfer of 
experience is also hampered. 
The present report summarizes the experience obtained by Ris* 
after strain measurements on 4 nuclear pressure vessels in the 
manufacturer's workshop (Uddcomb Sweden AB) during the hydrotest. 
The quality of the measurements is discussed, and different 
types of abnormal behaviour (nonlinearity, zero-shift) are ana-
lysed. Selected results from the measurements are presented and 
the stresses in certain regions, calculated on the basis of the 
strain measurements, are compared to code requirements. 
2. TYPE OF VESSELS 
The vessel results presented in this report emanate from strain 
gauge measurements performed on 3 BWR-vessels and 1 PWR vessel. 
The 3 BWR-vessels are basically of identical design: the ASEA-
ATOM BWR's with internal main circulation pumps. Vessel No. 1, 
however, has a larger diameter than vessel 2 and 3. Vessel No. 
4 is the PWR-vessel, KWU-design. 
The vessels are shown schematically in Fig. 1. The BWR-vessels 
consist of a long cylindrical part connected to the perforated 
spherical bottom part through a toroidal and conical part. The 
pump nozzles penetrate the vessel in this toroidal and conical 
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transition zone. The vessel bead is spherical and bolted to the 
vessel by connections to the vessel-head flanges. The internal 
structure, integral with the vessel, consists of the Moderator 
tank, which is connected to the vessel wall through a pump deck. 
The large openings in the puss? deck is for the pump impeller 
and stationary blades, and they are thus situated IBSMIIIlately 
above the puap nozzles. 
The PWR-vessel has a spherical bottom and vessel head, and the 
nozzles are situated in the heavy vessel flange. 
All vessels are nade of steel, and cladded with stainless steel 
inside, in most cases with a cladding thickness of 5 mm. 
The main dimensions relevant in this connection are given in 
Table 1, where the theoretical ratio between membrane stresses 
and pressure is also given. 
The BWR-vessels were all pressurized to 111 bar at the hydrotest, 
whereas the PWR-vessel was pressurized to 227 bar. 
3. APPLICATION TECHNIQUE AND QUALITY CONTROL PROCEDURE 
The majority of the measuring points had to be placed on the 
inside surface of the essels and had to work in direct contact 
with the water used for the pressurizations, at pressures and 
temperatures up to 23C bar and 50°C. 
Though this is one of the more difficult environments for strain-
gauges, it was decided to perform the measurements by means of 
conventional strain-gauge technology, i.e. by adhesive-bonded 
foil-gauges applied with water protection. 
In addition, the mounting of the strain-gauge installations had 
to be as simple as possible to save time, as the installation 
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of up to several hundred Measuring points should be perron—d 
in a few days. 
Prior to the measurement, an investigation Mas performed to find 
the most suitable method of installing strain-gauges. A litera-
ture search and application to strain-gauge suppliers yielded 
no 1—idlately applicable method, and an experimental testing 
of potentially usable types of adhesives and protections in 
installations, subjected to simulated environmental conditions, 
had to be performed [9]. 
As it is difficult to us« clasping fixtures for the bonding and 
because the limited time for the installation permitted only 
quick-curing adhesives to be used, the protection should prefer-
ably be an easy-to-apply single layer type. 
The initial investigations indicated that one combination of 
adhesive and protection (Hbttinger X60/AK 22) was able to per-
form satisfactorily. 
At the following measurements on the reactor vessels 1 and 2, 
however, some of the measuring points became inoperable due to 
entrance of water (compare with Table 2). 
The laboratory investigation was then expanded in order to find 
the reason for the failure and perhaps to obtain more reliable 
methods of installation. 
These tests indicated that the material employed hitherto as 
suitable for the purpose, but that the application procedures 
hat to follow certain lines. The following measurements were 
then performed without any significant failures of the gauge 
installations (see Table 2)» 
It has been found necessary to employ a series of quality con-
trol procedures during the gauge-installation period and on the 
completed installations before and after the measurements. These 
tests are essential for both a reliable performance of the gauge 
installations as well as for an explanation for a possible ab-
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normal behaviour of certain gauges. 
The tests involve the following measurements and tests on the 
gauge installations and Measuring system: 
- insulation resistance 
• deviation from noaiinal gauge resistance 
- "squeeze-test" 
- total resistance for the gauge, including leadwires 
- shunt test. 
The Measurement of the insulation resistance indicates whether 
there is a short circuit or moisture in the strain-gauge instal-
lation. The insulation resistance will normally by higher than 
108a, but will exhibit some temperature dependence [9]. lower 
values can be caused by moisture in the installation, caused by 
water diffusion through the protection, and there exist a risk 
that the bond between gauge and vessel surface could be affected. 
The deviation from the nominal gauge resistance value is always 
observed when a gauge is bonded, but will normally be moderate 
(< 1%). Greater values could be caused by damage in the gauge, 
improper soldering or failure in lead wires. 
The "squeeze-test" is performed on the installed gauge, but 
before the« water protection is applied: The strain value is 
observed when a piece of rubber is pressed against the grid of 
the gauge, and if the value does not return to the original 
level after the test, there might be a failure in the bond of 
that particular gauge, most probably as a void in the bond. 
The total resistance of the gauge installation is needed for 
correction of the measured values; it also gives an indication 
of possible failures in lead wires, connections and gauge. 
The shunt test is performed in order to see if the total 
measuring link works satisfactorily without any bad connections 
or switching points. It is performed on each individual channel 
with a precision resistance, calibrated to give a signal of 
- 10 -
1000 or 2000 uc when a 120 Q 9*09* is stinted. 
the tost procedures are perfor—d at the following stages: 
a) After completion of gange Installation, including soldering 
of lead wires, bat before application of moisture protection, 
the following tests and measurements are nade: insulation 
resistance, deviation fron nominal resistance, total gauge 
resistance and "squeeze-test". 
b) Daring the connection of lead wires to the neesuring system 
and preferably with a water-filled vessel, the insulation 
resistance, deviation fron nominal resistance and total re-
sistance are measored. 
c) The shunt test is performed after connection of the measure-
ring system, bat before the pressure test. 
d) After completion of the pressure test, bat preferably with 
water still in the vessel, the same measurements are made as 
in point b. 
4. RESULTS 
Provided the insulation resistance for a gauge installation is 
within the acceptable limits, the relevant measuring channel 
(wires, electrical contacts, etc.) is without errors and the 
gauge application procedures have been followed correctly, a 
linear relationship between the strain-gauge signal and the 
pressure in the vessel should normally exist. 
If there are deviations greater than the expected measuring 
tolerance from this relationship, a further examination is 
required in order to seek an explanation. 
nonlinear strain behaviour in a pressure vessel, including a 
possible zero-shift, can be caused by either nonlinear material 
behaviour attributed to local yielding, redistribution of re-
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sidoal stresses, or a combination of the effects, or it can be 
induced by the specific design of the vessel (gaps, friction, 
etc.). 
In order to illustrate this, examples of such strain behaviour 
is shown in the following, in all of the cases, the gauge 
installations have performed perfectly, evaluated on the quality 
control basis mentioned above. 
A typical exanple of en toria1»influenced nonlinear!ty is shown 
in Figs. 2-4. the results •hoiei in Pigs. 2 and 3 are typical 
for sone strains »Mured at the internal structure of a •Hit-
vessel with internal nain circulation puups: the axial strains 
in the Moderator tank skirt in the vicinity of the punp deck 
are shown in Pig. 2, and the circumferential strains in the 
pump-impeller opening are shown in Pig. 3. In both cases, a 
nonlinear strain behaviour as well as a considerable xero shift 
is observed during the first pressure cycle, whereas the second 
pressure cycle exhibits a clear linear behaviour with negligible 
xero shift. 
Bowever, the structure has stiffened locally, indicating initial 
local yielding in the Measuring area or in its vicinity. This 
type of nonlinear Material behaviour can be caused either by 
the design of the vessel (highly loaded local regions) or by 
not fully relieved residual stresses; these are introduced 
during the fabrication of this part of the vessel, eventually 
as a combined effact of then both. 
A similar effect is shown in Fig. 4 for MeasureMents in the 
weld sone at a complicated hill side nozzle. The first pressuri-
ze tion exhibits a nonlinear behaviour, whereas the second is 
linear and with nearly negligible zero shift. 
A settlement of the gauge bond could have caused this type of 
strain-pressure relationship, decreasing strains with still 
higher loads, but it is normally not observed with this type oZ 
installation, and it should definitely not cause the positive 
zero shift observed for one of the gauges. It is thus believed 
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that the gauges behave perfectly and that the observed non-
linearity and zero shift is caused by local yielding and redistri-
bution of residual stresses in the nozzle region. 
Another type of nonlinearity is observed in the concentric cylin-
drical parts of a pump nozzle. The nozzle is designed with a gap 
between the internal and external parts, but the two parts can 
exchange loads via two supporting ring areas. These areas are 
apparently not in continuous contact with each other, as indicated 
by the results from the strain gauges in the vicinity of the 
upper support area. At a pressure higher than the design press-
ure, the longitudinal bending changes drastically in both cyl-
indrical parts, as shown in Figs. 5, 6 and 7. The results shown 
axe taker from a second pressurization of vessel 1 and 2, and 
the zero shift is nearly negligible in both cases, indicating 
that the observed nonlinearity is caused by the specific design. 
In any case, the measured strains are very small, and an 
awareness of the phenoxnenae has importance mainly if analytical 
results from a linear, elastic calculation has to be compared 
to the measurements. 
The last example of nonlinear behaviour of strain versus pressure 
is taken from the measurements on the PWR-vessel, vessel NO. 4. 
The radial deformations of the upper and lower flanges are 
different. At one point of pressure, when the adhesive friction 
between the flanges is low enough, the flanges will slide against 
each other. This fact is "*ell known and could be regarded durinq 
the first pressurization. 
This is clearly illustrated in Fig. 8, where the circumferential 
strain in the vessel head flange is linear until 150 bar. Aioove 
this pressure, the friction in the flange is overcome and causes 
a jump in the pressure-strain curve. After depressurization the 
head flange is compressed by the vessel flange, and the sub-
sequent increasing pressurization from 2 to 175 bar did not 
cause the flanges to slide against each other (Fig. 9). The 
influence of this sliding/nonsliding of the flanges against 
each other is pronounced even for the measurements on the nozzle, 
as seen from Fig. 10. Also the bending in the flange holts is 
influenced by this phenomenon, as seen in Fig. 11. 
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5. STRESS LEVELS 
The strain measurements have been performed for the pressure 
load only, and as the number of measuring points for different 
reasons are limited, it has been possible to distinguish between 
membrane and bending stresses in only a few cases. It is thus 
difficult to make a direct comparison between the stresses based 
on measured values and the ASME-code requirements. The most 
relevant application of the results is in connection with theor-
etical predictions or in nozzles, where a stress index is avail-
able in the code. In other cases, a comparison has to be made with 
the membrane stresses in the undisturbed vessel wall, thus an-
ticipating that these stresses meet the code requirements. 
For vessel NO. 1, measurements were made in the transition zone 
between the cylindrical vessel part and the spherical bottom 
both inside and out. The results is shown in Figs. 12 and 13 
together with the calculated values from [51. According to the 
ASME-terminology, the values represent the primary membrane plus 
primary bending stresses. The maximal nominal stress is measured 
in the longitudinal direction and is ^ * 31. According to Table 
1, the corresponding membrane stress intensity in the cylindrical 
vessel wall is 21.3. The ratio between the corresponding nominal 
stress intensities is 1.5. This indicates a well-balanced design 
according to the ASME-code, which allows 50% higher stress 
intensity values for membrane plus bending stresses than for 
membrane stresses alone. 
The nozzle results from vessel No. 4 are well-suited to a compa-
rison with the ASME-code stress index design method for nozzles. 
The highest stresses are observed at the inside corners in a 
vertical section through the nozzle (see Table 3) where the 
normalized measured hoop stress at the design pressure is given 
for positions A and B. 
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The bending in the flange region leads to slightly greater 
stresses in point B, and the pressure-induced stresses are 
largest during the first pressurization. However, in the second 
pressurization, the fl»nge connection has "settled", and the 
vessel response is elastic and linear. Averaging the values for 
positions A and B for this second test gives stress indices which 
correspond well with the code predictions. 
The stresses are classified as peak stresses according to the 
code, and the allowable ratio between the membrane stresses and 
membrane-plus-peak stresses is 3. The ratio between the circum-
ferential stress intensity in the vessel wall (Table 1} and the 
maximum measured stress intensity in the nozzle is 1.66, or well 
within the code requirements. 
Finally, nominal stress intensities in selected areas in the 
vessels are given in Table 4, whilst the nozzle results for the 
BWR-vessels are deleted, as these have already been discussed 
for vessel No. 1 [5]. As the ratio between the design pressure 
for the PWR-vessel (vessel No. 4) and the BWR-vessel is 2.05, 
the PHR-values, normalised to the BWR-pressure, are also given 
in order to facilitate a direct comparison of the stress levels 
in the two vessel designs. There is no significant difference 
between the vessels, and the ratio between the stress levels in 
the cylindrical vessel wall and the regions shown in Table 4 is 
well within the ASME-code requirements. 
6. CONCLUSIONS 
Selected results from strain measurements on four nuclear press-
ure vessels have been presented. 
It is shown that reliable results can be achieved with conven-
tional strain gauge technique. A usable bonding and water pro-
tection technique is exposed, and it is experienced that careful 
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artisan work and skill in combination with a thorough check pro-
cedure is needed for a satisfactory result. 
If the results from strain measurements are to be used in connec-
tion with a verification of a linear, elastic design calculation, 
the results from the first pressurization might be irrelevant, 
as significant nonlinear effects will then be present in several 
regions. In most cases, these nonlinear effects will have 
vanished after the first pressurization. 
The redistribution of stresses or flange friction effects intro-
duces residual stresses, which locally shifts the level of the 
mean stresses. This shift might be of the same magnitude as the 
load-induced stresses, and this eventually would have to be taken 
into account in the design analysis. 
The measured stress levels shown for the four vessels are all 
well within the ASME-code requirements for pressure loads, which 
is the only load case that has been dealt with experimentally. 
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Table No. 1. Vessel Dimensions. 
Vessel 
No. 
1 
2 
3 
4 
Pressure 
p(HPa] 
Design 
8.5 
8.5 
8.5 
17.5 
Proof 
test 
11.1 
11.1 
11.1 
22.7 
Internal 
diameter 
D^m) 
6.4 
5.54 
5.54 
5.0 
Wall 
cyl. 
part 
154 
^150 
^150 
* 
250 
thickness t 
mm 
bottom 
180 
(165) 
180 
(160) 
180 
(160) 
250 
head 
242 
Membrane stresses 
in cylindrical 
vessel wall, norma-
lized with the 
pressure, °h/P 
21,3 
19.0 
19.0 
f 10.5 
I (5.01 in flange) 
Flange Bolts 
no. 
64 
60 
60 
52 
Stem 
dlam 
[mm] 
145 
130 
130 
190/30 
°b 
P 
30.4 
30.3 
30.3 
12.0 
I 
Not«: The normalized membrane stress 
is calculated as 
a. (D^t) 
2t 
Table no. 2 . Number of Strain Measuring Pos i t ions 
Vessel 
No. 
1 
2 
a 
4 
S 
total 
Total 
number 
of strain 
gauges 
306 
203 
68 
87 
78 
742 
Number of 
gauges inside 
(under pressure) 
216 
130 
48 
39 
39 
472 
Number 
on 
flange 
bolts 
51 
30 
20 
12 
Number 
which 
in all 
83 
73 
0 
1 
0 
157 
of gauges 
failed 
inside vessel 
(under pressure) 
53 
69 
0 
1 
0 
123 
Not«J Vaaaal No, 5 la a nonnuclaar vaaaal, whara atrain-maaauramants wara 
parforead using tha araa taehnlqua aa for tha nuelaar vaaaala. 
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Table No. 3. Normalized stresses on/p in hoop direction and 
stress indices for nozzle, vessel no. 4. 
A 
Vj 
Position A 
Position B 
Average of 
h and B 
1. pressurization 
0 
n 
P 
17.54 
18.11 
17.83 
K 
n 
3.50 
3.61 
3.56 
Kl 
3.70 
3.81 
3.66 
2. pressurization 
P 
14.57 
16.23 
15.40 
K 
n 
2.91 
3.24 
3.07 
Kl 
3.11 
3.44 
3.27 
Slot«: ASHE III, table SB 3338.2(0-1: K - 3.1, K - 3.3 
n 1 
K * — , K. • —- , where S is the stress intensity (combined stress) 
n
 °h ^ ffh 
D /t -9.0 
\ vessel No.4 
d/D1 - 0.16 J 
- 20 -
tabla le. 4. Straaa lataaaitiaa la varlooa ragloaa, aomallxad with tha 
Vmmaml. "o. typa of Straaa lataaaltr 
with peaaaara> S/r 
Thaoratlcal 
cylindrical 
vaaaal wall 
•txaaa o /p 
plaa 
j 
•.$3 j i.59 
24.7S t.47 
plna 
9.41 
20.TC 
7.45 
10.24 
10.0« 
17.47 
21 
• .S3 
12.SB 
•v 19 
ploa 
dlaa 
11.» 21 
aaaarana 
plna taa-
dlaa 
15.57 
(32.1) 
2.«« 
(5.5) 
9.»0 
(20.2) 
».57 
(1».7) 
ploa baa- 11.0 
(22.*) 
10. »4 
(22.5) 
9.51 
(19.4) 
10.57 ; 
(21.0) , 
10.5 
(21.C) 
11.40 
(23.9) 
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Fig. 1: Configuration of investigated pressure vessels. 
a: BWR-vessels b: PWR-vessel. 
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o measuring point no. 27 
v " » no. 28 
1st. pressurization 
2nd. 
-800 -600 -400 -200 
u- strain 
Fig. 2: Strain values measured at the internal vessel structure 
vessel No. 2. 
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! 2nd. 
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1/ 
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u - strain 
Fig. 3* Circumferential strains in pump openings, vesse l No. 2. 
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Fig. 4: Typical strain values for pump nozzle, vessel No. 2. 
20 40 60 80 100 120 
M - strain 
Fig. 5: Axial'strains in internal pump nozzle part, vessel 
No. 2. 
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Fig. 6: Axial strain at external pass? nozzle part. 
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Fig. 7; Circumferential and axial strains at external pu«p 
nozzle part, vessel No. 2. 
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